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1.0 Introduction 

The Rocky Flats Enwonmental Technology Site (RFETS) is a conuactor-operated facility owned 
by the Umted States Department of Energy (DOE) The plant is located approxmately 16 mlies 
(26 hlometers) northwest of Denver, Colorado and compnses approximately 6,550 acres (2,652 
hectares) Untll 1992, the plant was operated as a weapons research, development and produchon 
complex Weapons components were manufactured from plutonium, beryllium, and starnless steel 
and sfupped to other facdities for assembly The former Rocky Flats Plant was renamed RFETS 111 
1994 to more formally retlect its new mission in environmental restoration, research and 
technology development. 

l 

The weapons production process generated a vanety ot wastes, some of which were contaminated 
by radionuchdes, or RADS Past waste management practices, pnmanly on-site storage and 
dlsposal activities, resulted in areas where soil, surface water and ground water were contammated 
by hazardous andor radioactwe wastes Areas where wastes had been previously stored or 
dlsposed of at the Rocky Flats Plant were idenbtied by an Environmental Restoratlon Program as 

areas where environmental contammation could potentlally exrst (DOE, 1986) Of part~cular 
concern is contaminatlon of ground water by chlonnated solvents Thls review and 
recommendation document focuses on Operable Unit 1 (OU l), the 881 Hillside, as a case study 
The document applies, however, to ground water contamination in OU 2, the 91)3 Pad, Mound and 
East Trenches, and OU 4, the Solar Ponds The pnmary chlonnated solvents that are contaminants 
at these OUs are carbon tetrachlonde (CCl,), tetrachloroethylene (PCE), and tnchloroethylene 
(TCE) These contaminants are considered in a class of compounds known as Dense Non- 
Aqueous Phase Liquids (DNAPLs) 

OU 1 was designated as a high-pnonty site because prehminary investlgatlons indicated that there 
was elevated levels of chlonnated solventslvolatde organic compounds (VOCs) in ground water 
and because of its proxrmity up-gradient ot Woman Creek, a surface water dratnage The ground 
water contamination, pnmanly consishng of PCE, TCE, and CC1, appeared to be associated with 
two IHSSs designated 119 1 and 119 2 (Multiple Solvent Spill Sites) These IHSSs were used 
for the storage of scrap metal and drums from approximately 1968 through 1972 (DOE 1992) 
The drums were suspected to contatn unknown amounts and types of waste solvents, posslbly 
contammated by radionuclides and the scrap metal was potentlally contaminated with residual 
cuttmg oils and/or hydrauhc coolants (DOE 1992) 
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An Intern Measurf i tenm Remedial Actlon (IM/IR4) plan (DOE 1990) was developed to prevent 
further contammahon unhl the RCRA Facility InvestigatlodRemedial Inveshgahon (RFVRI) and 
Correctlve Measures StudyFeasibllity Study (CMSES) could be completed for OU 1 The 
IM/IRA plan essenhally consisted ot containment and "Pump-and-Treat" operations to remediate 
the contammated ground water The W R A  was constructed at OU 1 in 1992 and consisted of a 
French Dram, a ground wdter Extraction Well and a Water Treatment Facllity The IM/IRA and 
the operahon of the water treahnent system is descnbed m more deml in Section 3 0 of this report 
Figure 1 1 shows the location of IHSSs, the drum and scrap metal storage areas, and the French 
Drain at OU 1 

' 

Capital costs to implement the OU 1 IM/IRA were approximately $10 mikon plus an additional 
$600 thousand were incurred to conduct treatahility studies and for design Annual operating costs 
have been approximately $800 thousand 

"Pump-and-treat" technologies tor the restoration of contaminated ground water were largely 
implemented after the passage ot the Comprehensive Environmental Response, Compensation, and 
Liabllrty Act (CERCLA) in 1980 and passage of amendments to the Resource Conservation and 
Recovery Act (RCRA) in 1984 Between 1982 and 1992,73 percent of  Superfund sites with 
contaminated ground water had cleanup agreements specdying the use of pump-and-treat for 
restoratlon (Nahonal Research Councll 1994) Recent studies by the Envnonmental Protechon 
Agency (EPA) as well as other independent researchers have evaluated the effechveness of pump- 
and-treat technologies (EPA 1989a, EPA 1989b. Mercer et al 1990, Mackay and Cherry 1989, 
Doty and Travis 1991, and EPA 1992, and others) These studies consisted of technical reviews 
of several Superfund sites where pump-and-treat systems were being applied for remediation The 
general conclusion of these studies is that pump-and-treat systems are unable to remove enough 
contammatlon to restore the ground water to dnnlung water standards, or that achievement of these 
standards will require an extremely long time (I e decades to centunes) These studies created a 
general concern among government agencies, scientists, environmental groups and the public that 
large amounts of money are berng applied to ground water restorahon, yet clean up goals (1 e 
dnnlung water standards) are not being achieved As a result of these concerns, the NaQonal 
Research Councll initrated a comprehensive study to review ground water clean up systems The 
results of thls study and the recommendatlons of the Natlonal Research Councll have recently been 
reported (NRC 1994) As a part of the study, the NRC evaluated 77 Superfund sites where pump- 
and-treat was being applied for restorahon of ground water Of the 77 total sites reviewed, 69 sites 
have not acheved clean up goals, and of 42 DNAPL contammated sites, none had achieved clean 
up goals 
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This report was requested by the DOE Rocky Flats Field Office (RFFO) Environmental 
Restormon Orgamzatlon as a result of the recent informahon and guidance published by the 
Nauonal Research Council and because of newly published research concerning the behavior of 
DNAPLs in the subsurface The purpose of this paper is to bnefly outline the problems and 
factors associated with the remediation ot DNAPLs in ground water because this type of 

contammation has been identified at OU 1, OU 2, and OU 4 at RFETS The DOE further 
requested that recommendations be made relative to operation ot the OU 1 IM/IRA The specific 
objectives of this paper are to 

Outline factors associated with the fluid hehanor ot Dense Non-Aqueous Phase 
Liquids (DNAPLs) m saturated and unsaturated media (vadose zones) that aifect 
ground water restorahon 

Review the effectiveness ot pump-md-treat operations as a treatment alternative to 
remediate ground wdter sites contaminated by DNAPL 

Technically review the current operations ot the OU 1 IM/IRA pump-and-treat 
operations being conducted for the Operable Unit No 1 (OU 1) to provide as an 
example for RFETS 

Sectlon 2 0 of t h s  paper bnefly outlines the properties and behavior of Dense Non-Aqueous Phase 
Liquids in porous and fractured media This secuon also detines many of the important 
geohydrologic tactors associated with ths type of contaminahon Sechon 3 0 of this report 
specifically outlmes the factors associated with pump-and-treat and enhanced pump-and-treat 
technologies to remediate DNAPL contaminatmn in ground water A review of the OU 1 IN/IRA 
operations is contamed in Section 4 0 with recommendations for that operation 
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2.0 Fluid Properties and Behavior of DNAPLs in Porous and Fractured Media 

-Compound Dens1 t y  Temperature (a) "C 
tetrachloroethylene 1630 20 
tnc hloroethvlene 1470 20 

A large class of organic compounds, known as Non-Aqueous Phase Liquids (NAPLs), have 
become common contaminants in ground water in many industnalized areas NAPLs are generally 
mmiscible with water, meaning that the two compounds will torm separate phases when mlxed 
together NAPLs are generdly broken down into two broad classes known as Dense NAPLs 
(DNAPLs) or Light NAPLs (LNAPL) depending on thelr relative density to water Common 
LNAPLs are gasohne, diesel, or BTEX and will float on top ot water DNAPLs are heavier than 
water and, smce they are immiscible, will migrate below a water table and reman as a separate free 
phase m the subsurface environment. Common DNAPLs are chlonnated solvents, creosote, dense 
hydrocarbons, and PCB oils Densitles of some DNAPLs that are commonly associated with 
ground water contaminatlon are listed in T&le 2 1 

L 

carbon tetrachlonde 
1.1 -dichloroethane 
coal tar 
aroclor 1242 
water 

Table 2.1 Densities of common DNAPLs in relation to pure water. 

1594 20 
1170 20 
1028 7 2  
1734 25 
10W 4 

A general understanding ot the fluid propemes of DNAPLs with respect to water and air are 
extremely Important when descnbing DNAPL behavior in the suhsurface and m ulhmately 
developing or evaluatlng technologies to remediate these contaminants The most important fluid 
propertles relahve to ground water contaminauon is interfacid tension A secondary property, 
whch  is a function of interfacial tension, is the wettabihty oi a fluid A demled discussion of 

mterfacial tension and the wettability of fluids with respect to porous matenals is given by Kueper 
et al (1993) and Kueper and McWhorter (1991) and is summanzed below 

Wettabllity is a physical property ot two pure immiscible tluids and a solid surface One flutd wdl 
preferenhally "wet" a solid surface with respect to the other fluid The wettabdity of liquids 
relawe to ar is frequently measured by piaclng a drop ot the liquid on the surface of the sohd. 
The wettabdity of the tluid is measured by the contact angle estabhhed between the solld and a 
drop of the discontmuous tluid (Figure 2 1) The wettabihty is quanbfied by the contact angle of 

the mterface between the liquid and the solid By definition, the fluid is wethng with respect to the 
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W ETTA B I L I TY 

uAS 
Liquid B 

f 
Non- Wetting Fluid 

Liquid A 
Wetting Fluid * 

OBS OAS 

Solid S 

0 8 = Contact Angle 

Wetting Fluid: Fluid through which8 < 90' 

Non-Wetting Fluid: Fluid through which8 > 90' 

Perfectly Wetting Fluid:8 = 0' 

Figure 2 1 Illustration ot the measurement tor wettability (Kueper 1994) 
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solid if the contact angle is less than 90 degrees The tluid is non-wettlng if the contact angle is 
greater than 90 degrees Table 2 2 outlines wetting md non-wettlng fluids with respect to most 
geologic matenals as the solid (Kueper 1994) 

System 

h i w a t e r  

AUIOrgaIllC 
WaterIOrgaruc 

Table 2 2 Typical Qualitative Wettahility ot Organic Liquids (including DNAPLs) in a Porous 
Medium Saturated with Arr or Water 

Wetting Fluid 

Water 
Organic 
Water 

I Non-wettmg Fluid 

Organic 

The general rule tor almost all soils, rocks and geologic matenals is that water is wetting with 
respect to both organic liquids dnd air, and that organic liquids are wethng with respect to au In 

the vadose zone, DNAPL wets the surface ot the porous media (soil) because it  is wetting with 
respect to a r  In the saturated zone, J. DNAPL is usually the non-wettlng fluid because water 1s 
more strongly attracted to soil and rock than the organic matenal Much ot the charactensac 
behavior of DNAPLs, and the technical problems associated with their remediation below a water 
table, is because DNAPL is the non-wettlng h i d  with respect to water in geologic matenals 

Interfacial tension ensts at the interface of m y  two immiscible fluids and anses because of 
mteractlons between the two chemical species at the interface A high degree of interfacial tension 
wlll exist between two tluids that are very immiscible If no mterfacial tension exists, the fluids are 
miscible and will not form separate phases DNAPLs generally have a high interfacid tension with 
respect to water Because ot interfacial tension, the wettlng tluid exhibits a concave surface on the 
mterface with the non-wetting tluid The forces ot intertacial tension create a pressure 
discontlnmty across the curved surtace between the tluids (Figure 2 2) The difference between 
these two pressures is called the "capillary pressure" Capillary pressure as defined by Bear 
(1972) is the pressure ditterence between the non-wettlng fluid and the wettlng fluid 

where Pc is the capillary pressure, PNW is the pressure of the non-wettlng tluid and pW is the 
pressure of the wetting fluid In an uncontaminated vadose zone contlning air, water and soil, 
water is the wetung ilmd with iespect to cllr The capillary pressure in a given pore space is the 1 
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dlfference between the air pressure, which is usually atmospheric, and the pressure exhibited by 
the water In this case, the capillary pressure is highly posiuve and the water is said to be held in 
the sod by capillary tension or "capillanty" In a saturated system with two immiscible phases, 
DNAPL and water, the capillary pressure is the difference in the pressure ot the DNAPL (the non- 
wettmg fluid) and the pressure ot the water (the wettmg tluid) 

A large vanety of pore sizes and shapes exist in any given porous media or in tracture sizes m a 
fractured media. The degree ot porosity and its homogeneity is largely a tuncuon of the geologic 
ongin of the media, the vanation of particle sizes, and how particles are sorted Different pores or 

fractures will have dlfferent sizes ot throat openings or "apertures" In order tor a non-wettmg 
fluid to enter a pore or fracture, a specific pressure must be exceeded This pressure is commonly 
referred to as the "entry pressure" (Kueper et ai 1993, Kueper and McWhorter 1991. McWhorter 
and Sunada 1977) and is governed by the size and geometry ot the aperture opening In order for 
a DNAPL to enter a pore or tracture tilled with water, the capillary pressure must gxceed the entry 
pressure of the pore aperture so that the DNAPL-water interface can physically penetrate the 
aperture (Kueper and McWhorter 1991) In general, lager  pores with larger aperture openmgs 
have lower entry pressures and smaller pores with smaller aperture openings have higher entry 
pressures Kueper and McWhorter (199 1) show that the entry pressure tor a perfectly circular 
aperture can be defined by 

, 

where pE is the entry pressure ot the aperture, CT is the intertacid tension between DNAPL and 
water, 8 is the contact angle measured through the wetting phase, and e is the diameter ot the 
aperture opening Once the entry pressure is exceeded, the non-wetting tluid wlil displace the 

w e m g  tluid from the pore or trxture The concept that capillary pressures, defined as the 
pressure of the water subtracted trom the pressure ot the DNAPL, must exceed the entry pressures 
for pores and fractures is the most important tactor govemng the migration and distnbutlon of 
DNAPLs in the subsurface It is also the m a n  reason why residual DNAPL in the subsurface can 
not be e s d y  moved hydraulically (1 e by pumping or injectmg water to manipulate the gradient) 
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Non-Wett i ng 
Fluid 

Solid 

Wetting Fluld 
-Resultant Force 

\ ' I I Due to Pressure 

Figure 2 2 Idealized intertact: between J. wetung and non-wetung thud in porous 

media Adapted horn McWhorter and SunadJ (1977) 

c 
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As D N M L  enters a porous media, it will migrate and follow the largest and most preterenttal flow 
paths where the entry pressures are less than the capillary pressures ot the DNAPL-water system 
In the p m a l l y  saturated vadose zone migrahon paths are extremely convoluted because DNAPL is 
wetung with respect to a r  and non-wetting with respect to water As DNAPL migrates through a 
porous media, small volumes of disconnected residual are trapped or snapped off in pores where 
an equhbnum is established between the DNAPL-water interface at the pore throat (Kueper et al 
1993) This residual, commonly referred to as globules or ganglia, is essentially held in the pore 
spaces or fractures by capillary forces Kueper et a1 (1993) indicate that the degree of residual 
globules which will become trapped is a function ot several factors, including pore geometry, 
aspect ratio, pore size distnbution, m d  hydraulic gradient Depending on these factors, it follows 
that the larger the number ot pores and aperture openings that are invaded by non-wetting f lud  the 
larger the number ot pores in which residud globules will be left behind (Kueper et a1 1993) 
Figure 2 3 illustrates residual DNAPL in pore spaces in both the vadose zone and saturated zones 
Thls figure also illustrates the concave and convex curvature ot the interfaces between the wetmg 
and non-wettmg phases, respectively 

’ 

When migrating DNAPL comes in contact with lenses or micro-lenses of lower permeabihty (1 e 
where the entry pressures are higher) it moves laterally, sometimes forming pools or fingers that 
break off at the edge ot the lens It is important to note that lateral migratton and pooling is not a 
funcuon of the reduced hydraulic conductivity in these zones Rather, it is because the height of 

the contmuously connected migraung DNAPL is not suificient to raise capillary pressures above 
the entry pressures for these lenses In studying the behavior ot PCE migration in a seemingly 
homogenous media, Poulsen and Kueper (1992) noted that residual was distnbuted at the scale of 
millmeters in response to the micro-scale bedding planes and lenses Small DNAPL pools may 

form on the top of lateral bedding structures or on bedrock or fractured bedrock Similar to the 
case for low permeability lenses, DNAPL will not enter fractures in bedrock unless the pool height 
is sufficient to rruse the DNAPL-water capillary pressure above the entry pressure of the fracture 
A typical conceptual model tor a DNAPL spill is depicted in Figure 2 4 

Residual DNAPL, occurring either as globules in pores or as small pools along bedding planes, is 
essentially immobile because it is held by c a p i l l q  torces DNAPL will not flow in a two-phase, 
DNAPL-water, system However, hydraulic rnanipuldmn of the water, by pumping andor  
IlIJWtUlg, can slightly change the water pressure and thus the capillary pressure across the DNAF’L- 
water mterface Although it is difticult to significdntly atfect established capillary pressures, ths 
can cause DNAPL to slightly migrate or spread For example, pumping of water in a pump-and- 
treat system would reduce the water pressure in the capture zone of a well An evaluation of 
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Residual DNAPL - Pore Scale 

Below Water - Table (Porous Media) 

Mas8 Transfer 
to Groundwater 

Above Water - Table (Porous Media) 

Mass Transfer 
to Water 

‘Mass Transfer to Air 

Figure 2 3 Residual DNAPL in pore ?paces in both the vJdose zone and saturated 
zones The vadow zone is r~ three-phase system consisung ot clir, water, 
m d  DNAPL The uturated zone is a two-phase system consistmg of water 
m d  DNAPL (Kueper 1994) 

- 
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Fractured Aquttard / Low e r Aqu I fer 

Figure 2 4 Conceptual model ot DNAPL spill into geologic system 
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Equation 2 1, however, shows that reducing the water pressure would increase the capillary 
pressure across any DNAPL-water inkrtace Portlons ot the DNAPL would migrate to smaller 
pores spaces or enter smaller iractures where the capillary pressure now exceeds the entry 
pressure Cherry (1994) and Kueper and McWhorter (1991) note that pumping in a fractured 
lower aquifer below pooled or residual sources can cause DNAPL to enter fractures or an 
additional aqmfer where contaminahon did not previously exist 

In summary, DNAPLs are immiscible, non-wettlng fluids with respect to water which combine 
with the natural heterogeneity in the properues of aqmfers to make ground wclter remediahon 
extremely ddficult. Residual tree-phase DNAPL is held in both porous and tractured media by 

capdlary forces, malung i t  essentially immobile with respect to the hydrauhc potentials achng on 
the flow of ground water For this reason, pump-and-treat systems cannot extract the free-phase 
residual DNAPL from an Jquifer system, but only the ground water containing the dissolved phase 
ot the contaminant The solubility ot most DNAPLs in water is very low m d  only a small amount 
of the total mass ot the contaminant will be present in the dissolved phase The remaining residual 
DNAPL is hkely to remain in the soil and contaminant any ground water intluent to the 
contaminated zone 
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3.0 Review of Pump and Treat Technologies for Remediation of DNAPLs 

The National Research Council (NRC) has recently conducted m in-depth study and rewew ot 
pump-and-treat systems tor ground water restorauon The NRC set up the Committee on Ground 
Water Cleanup Alternatives with recognized scienusts, researchers, and government otficials m the 
areas of environmental engineenng, geohydrology, chemistry, epidemiology, environmental 
economics, and environmental law and policy The committee was tormed under the NRC's 
Water Science and Technology Board and the Board on Radioactlve Waste Management The 
committee produced a comprehensive report which thoroughly evaluates and reviews pump-and- 
treat technologies for ground water restoration (NRC 1994) The report turther provides m-depth 
dlscussions of alternative enhancements to pump-and-treat systems. such as bioventing and soil 
vapor extraction, and provides strong recommendations regarding the application of clean up 
standards by the EPA in ielation to the technological state-ot-the-art in ground water restoratlon 
technology The ObJeCUVeS ot the NRC study were 1) to review the pertormdnce ot existing 
pump-and-treat systems, 2) to determine the pertormdnce capabiliues ot innovatwe cleanup 
technologies, 3) to determine the scientific m d  technologicd limits to restonng contaminated 
ground water, 4) to evduate and consider public health and economic consequences of  ground 
water contaminauon, and 5) to provide advise on whether changes in natlonal ground water pohcy 
are needed to better retlect the limits ot current technology 

The results of this study and the recommendatlons of the National Research Council have recently 
been reported (NRC 1994) As a part ot the study, the NRC evaluated 77 Superfund sites where 
pump-and-treat was being applied tor restoration ot ground water Ot the 77 total sites reviewed, 
69 sites have not achieved clean up goals, m d  ot 42 sites where the contamination was trom 
DNAPLs, none had achieved clean up gods  The eight sites where goals had been achieved were 
sites that had homogeneous aquiters, high hydraulic conducuwtles, and the contaminatlon source 
was mobile (I e not easily sorbed to geologic media) One LNAPL site, a gas station. had 
acheved clean up goals where pump-and-treat was used to remediate ground water where gasollne 
had leaked from an underground storage tank 

Pump and treat systems are based on the simple theory that contaminated ground water is extracted 
from the subsurface and the extracted water is replaced by uncontaminated water The 
uncontammated water can be inlected from the surtace or be replaced through the natural flow of 
ground water The extracted water is usually treated by a water treatment process where 
contaminants are removed or destroyed As previously indicated, reviews oi pump-and-treat 
systems have strongly indicated that these systems are largely unsuccessful in remediating ground 

final DNAPL Report 
S AICIGolden 
August 1995 

14 



water to the required clean up gods, usually dnnlung water standards (EPA 19893, EPA 1989b, 
Mercer et a1 1990, Mackay and Cherry 1989, Doty and Travis 1991, EPA 1992, and NRC 1994) 
Travis and Doty (1990) questioned any application ot pump-and-treat, given the high costs 
incurred and the poor record ot these systems in achieving health based standards NRC (1994), 
however, lndicated that some pump-md-treatlextractlon well systems have been designed to stnctly 
control the growth of a contaminated plume or prevent the outfall of contaminated ground water to 
surface sources They report that these systems are generally operated at much less cost than 
systems designed for remedimon 

The mability of pump-and-treat technologies to effechvely remediate ground water is pnmanly due 
to geohydrologic factors and the specitic properties ot the contaminants Based on case studies, 
NRC (1994) illustrates that it becomes more difficult to remove contaminatlon as geohydrologic 
conditions become more heterogeneous and tractured They turther show that removal ot 

contaminant mass is strongly af-tected by the degree that a contaminant becomes adsorbed to the 
surrounding soil and geologic matnx or it the contaminant is a Light or Dense NAPL Table 3 1 
outlmes the relative ease ot remedimon as a tunction of- these tactors as reported by NRC (1994) 
Although this table is only a simple qualiutive Jssessment ot complicated interactlve geohydrologic 
and chemical properties, it etfectively categonzes the potentlal tor remediahon success, given 
contaminant source and geohydrologic conditions It pmcularly illustrates the difficulty 
associated with remediating contaminahon by DNAPLs, such as those that occur at OU 1 and 
OU 2 at the RFETS 

The fluid properties ot DNAPLs and their behavior in the subsurtdce are detailed in Section 2 0 of 
ths report In generd. the behavior ot DNAPLs cls an immiscible, non-wettlng fluid with respect 
to water combines with the natural heterogeneity in the propemes ot aquifers to make restoratlon 
extremely difficult Residual free-phase DNAPL is held in both porous and tractured media by 
capdlary forces, m a h g  it essentially immobile with respect to the hydraulic potentials actlng on 
the flow of ground water For this reason, pump-and-treat systems can not extract the tree-phase 
residual DNAPL from an aquifer system but can only extract ground water containing the 
dlssolved phase of the contaminant Unfortunately, the solubility of most DNAPLs in water 1s 
very low and only a small amount ot the total m a s  ot the contaminant will be present in the 
dusolved phase This physical system is further complicated by the fact that only smdl  
concentrahons of dissolved DNAPL in water will still exceed health based dnnlung water 
standards For example, the Federd Maximum Contammant Level for dissolved TCE in dnnlung 
water is 5 ppb It is for these combined reasons that DNAPL sites are often considered the most 
technically difficult and are often inteasible to restore 
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Figure 3 1 shows a typical observed response to the remedidtion ot a DNAPL site by a pump-and- 
treat technology Dissolved contaminant concentrations in the aquiter tend to drop rapidly but the 
rate ot removal drasucally declines Remediauon ot the aquifer generally becomes asymptotic at 
some level above the remediation goal with continued progress towards permanent restoratlon 
extendmg for an extremely long time It has also been observed that dissolved concentrations often 
return to onginal high levels it pumping ceases 

These observed effects are pnmanly caused by several inteiacung tactors Ground water flow 
toward an extraction well will tollow paths ot higher permeability, Bushing these zones of 
dissolved contaminahon Dissolved contaminahon in zones ot lower permeability pnmanly 
transfers to areas of clean water by ditfusion Furthermore, as dissolution to the ground water 
progresses, the size and surtace area ot trapped globules or lenses ot residual DNAPL becomes 
smaller As pump-and-treat progresses. the remaining mass ot residual DNAPL occurs in the 
areas of conunually less preterenud tlow dnd with less sur txe  area exposed to water tor 
dissolubon to occur The trsnster ot mass trom the tree-phase DNAPL to the dissolved phase 
becomes increasingly dependent on dittusive processes rdther than advective processes Dlffusion 
is a much slower physical process, thus signiticantly extending treatment time 

The same asymptotic response illustrated in Figure 3 1 has also been observed when other 
technologies, such as Soil Vapor Extractlon (SVE) or bioremediatlon, have been applied for the 
remediation ot NAPLs In SVE, the porous media IS tlushed with air using both injection and 
extraction systems The theory ot SVE is that contaminant mass, occumng in the vapor phase, is 

removed from the system to allow more ot the contaminant to volatilize trom the trapped residual 
source SVE has pnmanly been used at sites with LNAPL contamination, where the 
contaminahon source pnmanly occurs on top ot the water table, or to treat residual Light or Dense 
NAPLs in the vadose zone In cases where residual DNAPL occurs below the water table, the area 

must be dewatered using extraction wells pnor to initializing a W E  system Unfortunately, W E  
is subject to the same limiutions as pump-md-treat systems tor ground water The air flow wrll 
pnmanly tollow the zones ot highest permeability missing DNAPL residual Ditfusion will 
become the m a n  mechanism tor transfer ot contaminant mass trom zones ot lower gas 
permeability As previously indicated, this is an extremely slow process 

In situ bioremediatlon and the use ot surtactants also exhibit the same problems associated wth 

geologic heterogeneity that occur in conventiondl pump-and-treat and SVE systems The UIJeCtlOn 
of surfactants or microorganisms and their essential nutnents will only occur along preferential 
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Figure 3 1 Conceptud model ot the typical observed response to the remediatlon of a 
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tlow paths It becomes extremely ditticult to successtully deliver the necessary concentrations ot 

the reagent or of the microorgmisms to the low permeable zones where signiticant immobile 
DNAPL is present 
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4.0 Operation of the OU 1 Interim Measure/Interim Remedial Action 

4 1 Background of IM/IRA 

In 1989, DOE proposed an Intenm Measurefintenm Remedial Actlon (IM/IRA) to minimize the 
release of hazardous substances trom the 881 Hillside area while the assessment process and 
selection of  the final remedial action were being conducted The IM/IRA was designed to prevent 
potentlally contaminated ground water trom reaching Woman Creek Woman Creek is a surface 
water dramage which eventually outtalls to Standely L k e ,  ut otf site water supply 

The IM/LRA consisted ot the construction ot an underground drainage system called a French 
dram, an extractlon well, and a water treatment tacility to treat contaminated ground water The 
1450-toot-long French drain was designed to intercept alluvialkolluvial ground water tlow from 
the 88 1 Hlllside Area, a d  the extractlon well was installed near the area ot known contaminatlon 
in IHSS 119 1 Collected ground water is transterred to an on-site treatment tacillty in Building 
891 tor removal ot volatile organics (VOCs), uranium, and metals Alter treatment and testlng, the 
water is released on-site into the South Interceptor Ditch Water collected trom ths ditch then 
undergoes a secondary analysis pnor to release from the site Ground water treatment began m 
May of 1992 

Capital costs to implement the OU 1 IM/IRA were approximately $10 million plus an additional 
$600 thousand were incurred to conduct treatability studies and tor design Annual operatmg costs 
have been approximately $800 thousand To date, the OU 1 water treatment tacility has treated 
approxmately 2,730,000 gallons ot ground water Despite the implementatlon of the IM/IRA, the 
water quahty data trom the collectlon well continues to indicate elevated levels of VOCs, p m a n l y  
PCE and TCE (EG&G 1995) 

Ground water collected by the French dram and the extraction well is treated using an ultraviolet 
(UV)/peroxlde process tor the destrumon ot VOCs and an ion-exchange system to remove 
morganics, metals and uranium The cost to operate this tacllity IS approximately $200 thousand 
per quarter These costs include chemical purchases, spare parts, labor, preparation of reports, 
and are virtually independent ot the volume ot water treated 

The pumpmg of  water from the extractlon well to the French dram was discontlnued on September 
29, 1994 per DOE directlon An alternate method ot accumulatlng the extraction well water, 
truclung the water daily to Bldg 891, was implemented on Novemher 11,1994 The purpose for 
changing the method tor collectlon ot water was to better quantlfy and quallfy the water comrng 
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from the French drain and the extrachon well This involved the iedesign ot the extraction well 
piping to accommodate transtemng wdter into a portable tanker and the procurement ot a 
tanker/traler with the proper connections The extracuon well is pumped da ly  until the remaining 
water table in the bottom 01 the well is approximately 0 5 feet This level is reached in less than 1 
hour and results m approximately 303 L (80 gallons) ot water being collected per day 

- - O , o s ~ ~ \ m A  

The extraction well was located in IHSS 119 1 n e u  the highest known concentration of 
contammants found in OU 1 However, since the Phase III RFVRI Report had not been completed 
at the tune of construcbon oi the IM/IRA, the nature and extent oi contaminabon was not fully 
understood For this reason, it is possible that residud DNAPL could have been contacted dunng 
mstallahon of the extraction well This would have provided a conduit for the DNAPL source to 
migrate to the bedrock via the well casing (Cherry, 1994) The OU 1 RFVRI, however. did not 
identlfy contamination by VOCs in the bedrock geologic system known as the Lower 
Hydrostrahgraphic Unit (LHSU) 

4 2  Review of Hydraulic Parameters and Geohydrology of the OU 1 Area 

The RFI/RI and previous geohydrologic inveshgations hdve indicated that two hydrostratigraphic 
units (HSUs) are present at OU 1 m d  tor most ot RFETS These consist ot an upper HSU 
(UHSU) and a lower HSU (LHSU), dlthough the RFI/RI indicates that the boundary between the 
two is difficult to detine (DOE 1994) The UHSU consists of the saturated portion of 
unconsolidated surticial matend, weathered claystones, including slump block, and several 
disconmuous subcropping sandstone bodies All UHSU ground water occurs under unconfined 
conditions and has been generdly retemd to as alluvid/colluvlal ground water The LHSU 
compnses the water bearing tormations below the UHSU and is composed chietly ot Cretaceous 
claystones and discontinuous beds of siltstone dnd sandstone Sandy and silty layers within the 
LHSU are water beanng m d  can be contined or uncontined (DOE 1994) The specific hydrauhc 
parameters for both the Lower and Upper HSU dre listed in Tdble 4 1 The hydraulic conductlvity 
in the alluviudcolluvium (UHSU) is relatlvely low, ranging trom 3 x 10-3 to 9 x 10-7 c d s  and the 
average darcian velocity is 0 058 m/d 

The ground water in the UHSU does not exist or move as it would within a typical continuous, 
homogeneous, shallow aquiter system because ot the lensing charac tenstics ot the sedimentary 
beds, the movement restnction caused by the ditference in hydraulic conductivihes between clay 
and claystones and the coarse-grimed unconsolidated matenals, and the low vertical permeabihty 
between the UHSU and the LHSU Little ground water exs ts  in the UHSU bedrock matends, 
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although there is occasionally a smdl  amount ot seepage in slump glide planes The low seepage 
mdicates that ground water mJy preterentldly reside in the potentlally higher permeability glide 
planes, tractures, or disturbed matenals associated with these slumps The ground water in the 
LHSU is confined, although locally there are indicatlons that ground water may exist under 
unconflned condihons Higher conductivity bedrock sandstone channels transmit water wthin the 
LHSU A conceptual model ot ground water at OU 1 would resemble a network of paleochannels , 

m the subsurface where ground water in beds or zones ot relatlvely high permeability are separated 
by barners ot bedrock and low permeability sediments and flow down-gradient to a discharge 
point 

The UHSU at the central part ot OU I ,  near the extraction well, consists ot both saturated and 
unsaturated regions There is a reduced volume ot ground water in this area, JS compared to the 
rest ot the UHSU These saturated and unsdturated regions essentially h r e k  up continuous flow 
in the aquifer and would c ~ u ~ e  reduced tlow gradients where saturated regions do exist 

All ot the organic contaminants detected in ground water at IHSS 119 1 are chlonnakd solvents 
that can be classified as DNAPLs They include carbon tetrachlonde, 1,1, I-tnchloroethane, 1,l- 
dichlorcethene, tetrachloroethene, and trichlorwthylene Presence of DNAPL is evident rn the 
ground water chemistry and data trom the RFI/RI has suggested that a small residual source is 
present below the ground water uhle  (DOE, 1994) Near the extraction well, there are also high 
levels of VOCs in the soil gas, which is indicative ot residual DNAPL Wells located over 100 feet 
down-gradient from the IHSS show much lower levels of DNAPL as a dissolved phase in ground 
water, possibly indicatlng the dilution ot a ground water plume onginatlng trom the DNAPL 
source near the extraction well Recent modeling and data interpretation has indicated that the 
volume ot the DNAPL source is approximately 30 L with approximately 4,750 rn3 of aqulfer (bulk 
volume) contaminated by a dissolved plume extending from the residual source (DOE 1995) 

4.3 Evaluation of the OU 1 I M A M  Extraction Well 

NRC (1994) presents and outlines approximatlons to evaluate the etfectiveness of a pump-and-treat 
operauon using known geohydrologic parameters uid data concermng the nature and extent of 
contammatron An evaludtion ot the potenud etfectiveness of the extraction well and the pump- 
and-treat operatlon at the OU 1 JWIRA can be estimated with data from the RFI/RI (DOE 1994) 

A sunple calculatlon can he made to estlmate the amount of time requlred to extract 1 pore volume 
e q u d n g  the volume of the conuminated plume at OU 1 The cdculatlon assumes that the OU 1 
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extraction well would be used to extract the contaminated ground water at 80 gal/d (303 Ud) and 
that the contuninant plume extends into only 4,750 m3 ot aquiter (this volume is estimated detining 
the edge of the plume at 80 ppb, it essentially could be much larger) The calculatlon turther 
assumes that the elfective porosity of the aqulfer IS 0 10 

4,758 m3 x l(X)o Urn3 = 4,758,000 L oi Aquiler (Bulk Volume) 

4,758,000 L x 0 10 = 475,800 L ot Contaminated Water in the Plume 

475,800 L / 3 0 3  L/d= 1570 D a y s = 4 3  Years 

The purpose of this calculauon is not to estimate clean up hme but to simply illustrate the 
geohydrologic conditions at OU 1 m d  in much ot the Rocky Flats Alluvium/Colluvium (RFA) 
Th~s calculatlon does not illustrate an accurate time tor c l e u  up ot the aquiler system because the 
calculation does not account tor the iactors previously discussed regarding residual DNAPL acting 
as an almost continuous source (see Sechon 2 0 and Section 3 0) It also does not account tor 
dlluhon factors caused from clean ground water mixing with the contaminant plume Obviously 
the extraction ot many pore volumes would be required to significantly reduce the mass ot residual 
contaminant 

The approximation does demonstrate, however, that nearly tour years ot continuous pumping are 
requlred to simply extract the existlng contminated plume containing dissolved phase DNAPL 
Based on case studies, it is not recommended that pump-and-treat systems be designed unless the 
volume of the contamindted plume can be extracted in less than 1 year (NRC 1994) NRC (1994) 

gmdance further suggests that design considerations also be made based on degree of geologic 
heterogeneities, presence ot residud Light or Dense NAPL, and the potentla1 tor a contaminant 
source to leach to the ground water table These are all contounding tactors at OU 1 and in the 
RFA As previously discussed, the geohydrologic parameters at OU 1 dre extremely 
heterogeneous and complicated by very transient condihons and even intermittent saturation It is 
very dlfficult to inject or extract large volumes ot water because ot extremely low hydraulic 
conductlvtues and because ot low gradients ot potentld This is why the extraction well easily 
dewaters a locahzed area (capture zone) ot the aquiter and a large recovery time is required before 
pumping can he resumed As shown, nearly four years are required to extract 475,800 L (126,000 
gallons) of water using the extrxtion well Furthermore, data trom the RFYRI suggests that 
approximately 30 L ot DNAPL may occur rls immobile residud below the water 

A additlonal calculation can be used to estimate the m o u n t  ot ume required tor the dissoluhon of 
all residual DNAPL mas in d given volume ot aquifer For this example. m approximation wrll 
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be made to show the dissolution ot DNAPL in a small volume ot aquiier (1 m') The calculauon 
can be made using OU 1 daw and mahng the tollowing assumpuons (1) an effecuve porosity of 

0 10, (2) a ground water flow rate ot 0 058 m/d. (3) 30 L ot residual DNAPL occurs as TCE (the 
density ot TCE = 1 47 .g/cm3), (4) J dissoived TCE concentration equal to 10 percent of the 
maximum aqueous solubility ot 1,100 m p  (thisassume concentrauon equa&U@pm h d  is an 
order of magnitude higher than those normally observed at the OU 1 extracuon well), and (5) the 
residual DNAPL occurs rls immobile globules rmdomly distnbuted in 1 m3 ot aqutfer 

e 
NL2C lfb,d'" -= \ \opt - *" .  / = IdOPP 

z I , l O  p p w  , 

Total Contaminant M s s  = 30 L /  1 m3 x 1 47 dcm3 x (I(x) cm/m)3 x 10-3 m3 L 

= 44,100 g 

Concentrauon ot dissolved TCE = 10% x 1,100 mg/L 

= 110 mg/L 

34'' I , r @ *  
Mass tlrix through the rlrea 
contaming residual TCE 

= 0 058 m/d x 1 m* x J.Mrng/L x,B7 g/mg 
x 103 Um3 x o 10 

- - 
Tune requtred to dissolve 
residual TCE 

= 44,100 g / (0 64 g/d) 

= 68,906 days = 188 years 

< / N  0 I Sof+ 5 
/ 

This calculation is considered very conservative because it does not take into account the fact that 
the rate ot dissolution ot TCE to the ground water will decrease as the size and exposed surface 
area ot the residual decreases Furthermore, i t  assumes dissolved concentrations that are an order 
of magnitude ahove those being observed in the OU 1 extractlon well Given these two factors, 
the actual tJme required to dissolve the residual TCE in this pomon oi the aquifer would be much 
longer than 188 years 
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5.0 Summary and Recommendations 

This report was developed for the DOE RFFO, Environmentd Restoratlon Program because recent 
informatlon published by the National Research Council concerning the use ot pump-and-treat 
technologies for ground water remediauon and because ot newly published research concerning the 
behavior of DNAPLs in the subsurtace This paper outlines many of the prohlems and factors 
associated with the remediation ot DNAPLs in ground water because this type ot contamination 
has been idenlufied at both OU I ,  OU 2, and OU 4 The paper used datcl trom the OU 1 IM/LRA to 
use as a case study, however, it serves as a good example ot conditlons which may be expected at 
OU 2 and OU 4 or with other DNAPL contamination at RFETS Because data from the OU 1 
IM/IRA were used as a case study, specific recommendations have been provided below regarding 
this IM/IRA and its tuture use 

In summary, lDNAPL is an immiscible, non-wettmg tluid with respect to water These properties 
combine with the natural heterogeneities in the properties oi aquifers to make remediation 
extremely diificult Residual ti=-phase DNAPL is held in both porous and tractured media by 
caplllary forces, malung it essentidly immobile with respect to the hydraulic potentials acung on 
the flow of ground water Pump and treat systems can not extract the tree-phase residual DNAPL 
from an aquifer system but only trom the ground water containing the dissolved phase of the 
contaminant. Residual tree-phase DNAPL is held in both porous and tractured media by cap i lhy  
forces, malung it essentldly immobile with respect to the hydraulic potentials actlng on the flow of 
ground water Unfortunately, the solubility ot most DNAPLs in water is very low and only a very 
small proportion of the totcll mass ot the contaminmt will be present in the dissolved phase For 

these reasons, pump-dnd-treat technologies do not etfect~vely remediate ground water “2 
(1994) reported that ot 42 studied Superfund sites using pump-and-treat tor the remediauon 
DNAPL contaminauon, none had achieved clean up goals 

This report reviews OU 1 geohydrology in relation to the extracuon well which is currently 
operating under an IM/IRA The the geohydrologic pxameters at OU 1 x e  extremely 
heterogeneous and complicated by intermittent saturauon The alluvidcolluvial ground water does 
not exist or move as it would within a typical contlnuous, homogeneous, shallow aquifer system 

because of the lensing charxtenstics ot the sedimentary beds, the movement restriction caused by 
the dlfference in hydrmlic conductivihes between clay md claystones and the coarse-graned 
unconsolidated matenals, and the low vertical permeabihty between the UHSU and the LHSU 

Rnal DNAPL Report 

August 1995 
SAIUGolden 26 



Evaluauon ot the operatum ot the extracuon well at OU 1 has shown that large volumes of water 
can not be extracted because ot extremely low hydraulic conductlviues and because ot low 
gradients ot potenud This well only pumps 303 Ud (80 gallons) but in doing so, emly dewaters 
a localized area ot the aquiter A large recovery hme is required betore pumping can be resumed 
Given these data and the hydraulic data trom the RFL/RI, it wcls demonstrated that at least 188 
years would be required to remove a 30 L source ot residual DNAPL at OU 1 

5.1 Recommendations 

1 It is recommended that DOE discontinue operation ot the OU 1 extramon well for the 
following reasons 

If residual free-phse DNAPL occurs at OU 1 ,  it is trapped as small ganglia or perched in 
small pools on low-p-meability lenses, because the aquifer is extremely heterogeneous, 
the distnbution ot this residual is probably extremely complex, this tree-phase residual can 
not be directly extrxted by the well 

Because ot extremely heterogeneous condihons and low hydraulic conductlviues, the well 
can not extract enough wdter, which contains only dissolved phase DNAPL. to make a 
signilicant reducuon in the mass present in the system, calculations indicate that several 
hundred years would be required to remove the contaminnuon in this manner, this rate of 
remediation does not lustity the costs to operate md mainun this well and treat the ettluent 
water 

Data from the RWRI suggest that the dissolved plume has not currently reached the French 
Dram, the extraction well does not need to be operated to contain the contaminated plume 
because the French drain would provide etfechve contanment between the residual source - c 

TLL vc* U r o c G  *I t '  
and Woman creek should a dissolved plume migrite over time 9 Y ' k  L- 

L : o d c  '3  - 
ti a rL 

2 The site geohydrologic condiuons at OU 2 md OU 4 are simmilar to that ot OU 1 
Contaminauon hy DNAPLs have been ohserved in the alluvid/colluvial matend ot the 
UHSU Theretore, pump-and-treat type remedid alternatives is not recommended for any 

: +(-L 
site at R E T S  where free-phase DNAPL residual has been observed 
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